ABSTRACT In this paper, a size-reduced tri-band Gysel power divider (PD) with ultra-wideband harmonics suppression performance, simple structure, high-power handling capability, and independently controllable bandwidth is first presented. The three passbands are introduced by two tri-band biasing networks whose impedances can also be utilized to control the bandwidths of the three passbands independently. With the introduction of slow-wave transmission lines and coupled lines with series open-circuited stubs, a reduced size and ultra-wide stopband can be obtained, respectively. Detailed closed-form design equations are derived and validated with a design of PD operating at 2.0, 2.5, and 3.0 GHz. Also, two additional circuits are designed, simulated, and fabricated. One is utilized to obtain the optional range of the three passbands, and the other is to make a comparison with the proposed PD. All the measured results agree well with the corresponding simulated ones. Proper impedance matching, isolation, and a wider 3-dB fractional bandwidth can be obtained, which is 18.5%, 20.7%, and 13.0%, respectively, at each passband. In addition, more bands can be easily extended to the proposed PD by introducing more open-circuited stubs in the tri-band biasing networks.
I. INTRODUCTION
Wilkinson and Gysel are the two widely used types of power dividers in microwave systems. As indispensable devices, many studies focused on ultra-wideband (UWB) performance [1] - [3] , compact size [4] - [7] , and harmonics suppression [8] - [10] have been presented over the past years. Replacing the conventional transmission lines (TLs) with microstrip-slotline coupling structure [1] , non-uniform TLs [2] , or stepped-impedance coupling structure [3] are the ways to extend the passband. Meanwhile, the size can be reduced by using slow wave TLs [4] , [5] , π-equivalent artificial TLs [6] , and integrated passive devices (IPD) progress [7] . As for the concern about harmonics suppression, the filters are usually utilized to extend the input/ output ports [8] , or the phase shifters [9] , [10] .
Besides the above focuses, multi-band PDs are of increasing importance because of the rapid development of wireless communication systems. For those previous multi-band PD designs [11] - [25] , composite right-and left-handed (CRLH) TLs have gained great interest due to the unique characteristic that can achieve two arbitrary phase values at two arbitrary frequencies with compact size [11] - [13] . In papers [14] - [16] , the multi-band PDs are realized based on multi-section structures. Moreover, additional open-/ shortcircuited stubs can be embedded in the conventional phase shifter [17] - [20] , or the input/ output ports [19] - [24] to achieve impedance matching in multi-passbands. However, the above multi-band designs exhibit degrees of disadvantages such as the employed additional lumped elements and via holes leading to a high fabrication difficulty and increased parasitic effects [11] - [13] , [21] , [24] , bulk size [16] , [20] , [21] , [24] , low selectivity performance [11] - [16] , and so on. In addition, all the above designs have ignored the out-of-band rejection performance, which will be improved by connecting with filters in many applications but leading to a large size and insertion loss [26] .
In the present knowledge of the authors, only several works have combined the multi-band performance with a good outof-band rejection [26] - [29] , and harmonics suppression [30] . In [26] and [27] , the multi-band bandpass filters are utilized as phase shifters to suppress the unwanted signals. Additionally, the multi-mode resonator with coupling structures [29] , short circuited stepped impedance resonators [28] , [29] , and planar artificial TLs [31] can also be adopted instead of the conventional quarter-wave length phase shifter with improved harmonics suppression. Nevertheless, those designs suffer from narrow bandwidth [26] , [28] - [30] , and higher in-band insertion loss [27] - [30] . Moreover, all the designs are based on Wilkinson PDs, and the stopbands are narrow need further improvement.
In this paper, a size reduced tri-band Gysel PD with harmonics suppression performance, simple structure, and independently controllable bandwidths is firstly proposed. The three passbands are introduced by a tri-band phase inverter, which is composed of two impedance matching lines and a tri-band biasing network. Meanwhile, the bandwidths can be independently controlled by changing the impedances of the biasing network. Also, the ultra-wideband band stop filters and slow wave TLs are applied to achieve harmonics suppression and size reduction, respectively. In addition, as is the case with the traditional Gysel PD, the proposed PD not only has a high-power handling capability, but also can work in a higher frequency than Wilkinson PD. That is due to the structure that the isolation resistors become two ports not embedded in the network, which means the parasitic phase response of the isolation resistors is forgiving, and a good heat sink can be obtained at the same time [32] . This paper begins with the introduction of the proposed Gysel PD and detailed analysis of each functional part are studied in section II. Then, in section III, simulation, fabrication, and measurement for three circuits are presented, and the measured results have been analyzed at the same time. Finally, the conclusion of this work is given in section IV.
Note that, in the following contents, Z 0 represents the port impedance that is 50 . Also, all the designs are fabricated on a Teflon substrate with a relative dielectric constant of ε r = 2.54, thickness of h = 0.54 mm, and a conductor height of T = 0.018 mm. All the utilized isolation resistors (represented by R) are based on the surface mount technology (SMT) with the same value as Z 0 . Moreover, all the simulations are finished in HFSS, and the utilized vector network analyzer is HP 8510C.
II. ANALYSIS AND DESIGN
The structure of the proposed size reduced Gysel PD with triple passbands and harmonics suppression performance is shown in Fig. 1 that is obtained by replacing the conventional quarter-wavelength TLs with ultra-wideband band stop filters (block 1), slow wave TLs (block 2), and tri-band phase inverters (block 3), respectively. In this section, each functional block is analyzed in detail, and the closed-form of design equations are derived at the same time. 
A. ULTRA-WIDE BAND BANDSTOP FILTER
The structure of the ultra-wideband band stop filter is shown in the dashed rectangle in Fig. 2(a) , that is formed by a coupled line series with an open-end stub Z OS . According to the former study [33] , the stop band is shown around the center frequency f CS , when the electrical length θ of coupled line and open stub is the same as π/2. Besides the ultra-wideband performance, this type of filter also features simple structure and compact size. However, the electrical length θ FC of the filter is influenced by many parameters, which means it is challenging to be tuned to meet the requirement in the following PD design. Therefore, two feed lines Z FL with different electrical length θ FL1 and θ FL2 are employed.
For this symmetrical filter, even-/ odd-mode analysis can be utilized. Then, the respective circuits can be obtained as shown in Fig. 2(b) . Based on the fundamental TL theory, the following equations can be obtained.
where Z E and Z O are the even-/ odd-mode impedances of the coupled line, respectively. Then, from equation (1-3), the electrical length θ FC and the equivalent impedance Z FC VOLUME 6, 2018 of the filter can be calculated as
note that, in the above equations, the electrical length θ is calculated based on the operating frequency. For example, when the operating frequency is f CS , then θ = π/2. Fig. 3 (a) depicts the equivalent circuit of the slow wave TL that is constructed by a traditional TL periodically loaded with several capacitors C PL which will reduce the characteristic impedance and the phase velocity V TL of the traditional TL, and then achieve a long electrical length in a short physical length. There are many ways to realize the shunting capacitance, such as lumped capacitors, short-circuited stubs, and so on. However, in this work, the open-circuited stub is utilized due to the simple structure that no via holes and soldering processes needed, which means less parasitic effects will be introduced. Then, the unit cell in the dashed rectangle in Fig. 3(a) can be transferred to the micro-strip line type one in Fig. 3(b) , and the relationship can be represented as
B. SLOW WAVE TRANSMISSION LINE
where k LOS is the propagation constant of the loaded opencircuited stub Z LOS , V LOS and l LOS are the respective phase velocity and physical length, respectively. According to the former research [4] , [5] , the loaded C PL transforming the traditional TL to a slow-wave TL with phase response θ SLTL and characteristic impedance Z SLTL can also be represented by
where N is the number of unit cell. Also, the distance d between two parallel open-circuited stubs can be obtained as
where k TTL is the phase constant of the traditional TL. Above all, the closed-form design equations for the slow wave TL have been proposed, and the design procedure can be concluded as 1) Set the center frequency f 0 , the required Z SLTL , θ SLTL , and the available Z TTL and Z LOS . The only constraint of Z TTL and Z LOS is the fabrication technology that a high Z TTL and Z LOS will lead to a thin width, which means a higher fabrication difficulty. 2) Calculate the periodic distance d using equation (8) to meet the requirement that the d should be larger than 3h, where h is the thickness of the utilized substrate. Also, N will be defined at the same time. 3) Calculate the length l based on equation (6, 7). 4) Transfer all the above values to physical length.
C. TRI-BAND PHASE INVERTER
The tri-band phase inverter is composed of two TLs Z ML for impedance matching, and a tri-band biasing network, which is designed based on a multi-band biasing network contained in the dashed rectangle in Fig. 4 . For the future improvement of multi-band (quad-band or more) application, the multiband phase inverter shown in Fig. 4 is analyzed instead of the utilized tri-band phase inverter. Then, based on microwave network theory, the impedance matrix of the phase inverter can be calculated as cos θ ML jZ ML sin θ ML j sin θ ML /Z ML cos θ ML 1 0
where Z PI and θ PI are the equivalent impedance and phase response of the multi-band phase inverter, respectively. Y BN is the characteristic admittance of the biasing network which is formed by n (n is the number of open-circuited stubs, which is the same with the number of passbands. n = 3 for the proposed tri-band PD) open-circuited quarter-wavelength stubs along the trunk TL at specific positions. For an ideal design, the characteristic impedance Z BN seen from port 0 to n should be infinity at the designated center frequencies. 
where,
k n = f n /f n−1 (12) note that, the relation of the center frequencies is f 1 > f 2 > · · · > f n , and the above equations are based on the condition n > 1. As for the special case n = 1, l n = X n = λ n /4. The principle of the biasing network is that, for the first band at f 1 , the shunted λ 1 /4 electrical length stub will make point 1 shorted, then the shorted point can be transformed to open at point 0 by the TL l 1 with λ 1 /4 electrical length. Then, there is no influence on other bands. After substituting Y BN = 0 to equation (9) , the matrix can be expanded as
The above equations prove that the phase response θ PS and the characteristic impedance of the phase inverter are only depended on the two TLs Z ML . As for this work, θ PI = π/2, then the following equations can be obtained according to equation (13) (14) (15) . (16) Note that in the design of the multi-band phase shifter, the impedances of the trunk line (Z TK ) and the open-circuited stubs (Z OS1 , Z OS2 , Z OS3 , · · · ) are not precisely required, but can influence the bandwidths of the passbands as shown in Fig. 5 , in which four curves with different configurations are given, and the detailed design parameters are listed in table 1. It is obvious that the bandwidths can be improved by increasing the impedance of the trunk line or decreasing the impedances of the open-circuited stubs from the first three cases. Moreover, the bandwidths can also be controlled independently using different open-circuited stubs as the same as the case 4. Finally, Z TK = 100 , Z OS1 = Z OS2 = Z OS3 = 100 are used in the following design.
III. EXPERIMENT AND DISCUSSION
Besides the proposed tri-band size-reduced Gysel PD (PD2) with harmonics suppression performance, two additional circuits are designed, simulated, and fabricated in this section.
One is a harmonics-suppressed Gysel PD (PD1) operating at 2.5 GHz, which is utilized to obtain the optional range of the three pass bands in the following tri-band designs, and the other is a tri-band Gysel PD (PD3) for comparison with the PD2.
A. GYSEL PD WITH HARMONICS SUPPRESSION
The main idea of this type of PD is replacing the original √ 2Z 0 TLs between the input and output ports with band stop filters, whose characteristic impedance is √ 2Z 0 , and the phase response is π/4. The design procedure can be concluded as follows: 1) Determine the operating center frequency f 0 of the PD, and set Z E , Z O , and Z OS based on the fabrication technology that a high Z OS or a significant difference between Z E and Z O will lead to a high fabrication difficulty. 2) Calculate the electrical length θ FL1 and θ FL2 of the feed lines to meet the requirement that 2θ FC (f 0 ) + θ FL1 + θ FL2 = π/2, where 2θ FC (f 0 ) refers to the phase response of the band stop filter at frequency f 0 , which is obtained using equation (2). 3) Both part 2 and part 3 in Fig. 1 are achieved by the traditional microstrip-line with the same λ 0 /4 electrical length, and the respective characteristic impedance is Z 0 and √ 2Z 0 /2, which is the same with the traditional equal split Gysel PD. 4) Convert the above parameters to the physical size.
In the design of PD1, the required Z FC is 70.7 , and Z E , Z O , and Z OS are set as 171 , 77 , and 64 , respectively.
The designed pattern and physical dimensions are shown in Fig. 6. Fig. 7 shows the photograph, and the simulated and measured results in which the minimum insertion loss and maximum return loss in the passband from 1.8 GHz to 3.4 GHz are -33.7 dB and -3.1 dB, respectively. In addition, 
B. SIZE REDUCE GYSEL PD WITH TRIPLE PASSBAND AND HARMONICS SUPPRESSIO
Based on the former results that the passband of PD1 is from 1.8 GHz to 3.4 GHz, then the center frequencies of PD2 are selected as f 3 = 2 GHz, f 2 = 2.5 GHz, and f 1 = 3 GHz, which can be used for code division multiple access (CDMA), wireless-fidelity (WIFI), and UWB indoor location, respectively. The block 1 in this design has the same parameters with PD1, and detailed calculated and optimized values of the other two blocks are listed in Table 2 , in which the calculation of the slow wave TL is based on the requirement that Z SLTL = 50 , θ SLTL = π/2 at f 0 = 2.5 GHz. Then, after transferring all the calculated values to the physical size, the designed pattern and physical dimensions shown in Fig.8 can be obtained. In this design, some bends have also been made for size reduction purpose.
As aforementioned that the PD3 with the same part 3 as PD2 is also fabricated. The other two parts 1 and 2 are realized by the traditional λ 2 /4 microstrip lines with √ 2Z 0 and Z 0 characteristic impedance, respectively. Both photographs of PD2 and PD3 are shown in Fig. 9 , and the respective size is 0.44λ 3 × 0.35λ 3 and 0.64λ 3 × 0.60λ 3 that almost 60% size has been saved.
The simulated and measured results of PD2 is shown in Fig. 10 . According to Fig. 10(a) , the harmonics suppression band (S 21 < −20 dB) can up to 19.2 GHz, which is more than 7f 2 . The detailed results of S 11 , S 21 , and S 32 in the pass band is shown in Fig. 10(b) , that the measured bandwidths centered at 2.0 GHz, 2.52 GHz, and 3.06 GHz are 18.5%, 20.7%, and 13.0%, respectively. The measured maximum insertion loss/ minimum return loss/ maximum isolation in each pass band is −26.2 dB/ −3.15 dB/ −14.4 dB, −25.3 dB/ −3.28 dB/ −19.3 dB, and −29.5 dB/ −3.18 dB/ −26.3 dB, which have a reasonable agreement with the simulated ones. Moreover, the simulated and measured phase and amplitude imbalance have also been given in Fig. 10(c) , that is smaller than 0.21 dB and 2 deg in all passbands, respectively. Table 3 lists the detailed comparison between PD2 and the previous multi-band designs in fractional bandwidth, highest return loss (S 11 ), minimum insertion loss (S 21 ), highest isolation (S 32 ), number of lumped elements, number of via holes, out-of-band rejection and harmonics suppression performance. It is apparently that, the proposed PD features proper impedance matching, insertion loss, isolation performance, and wider bandwidth comparing with the former designs. The structure is simple without additional via holes or lumped elements. Moreover, this work is the first Gysel PD with combining the harmonics suppression performance with triple passbands at the same time. Also, the size of this PD is smaller than the one in [21] , which is the only tri-band Gysel PD published so far.
IV. CONCLUSION
In this work, a tri-band Gysel PD based on bandstop filters, slow-wave TLs, and multi-band biasing networks has been successfully presented. Besides the major advantages of good return loss and low in-band insertion loss, the proposed PD also features ultra-wide band harmonics suppression, reduced size, high power handling capability, independently controllable bandwidths, and simple structure. In addition, more passbands can be easily introduced by employing additional open-circuited stubs in the multi-band biasing networks. Therefore, it can be regard as a reference of developing multiband and multi-functional Gysel PD in future works. His research interests include RF MEMS, RF application for ferroelectric materials, microwave and millimeter-wave passive and active devices, electromagnetic metamaterials, IT convergence with bio-medical devices, and energy harvesting devices. VOLUME 6, 2018 
